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The expression pattern of CiMDF, the MyoD-family gene of Ciona intestinalis, was analyzed in unmanipulated and
microsurgically derived partial embryos. CiMDF encodes two transcripts during development (coding for distinct proteins),
the smaller of which, CiMDFa, was detected in maternal RNA. Zygotic activity of CiMDF initiated in cleaving embryos of
32–64 cells. Both CiMDFa and CiMDFb transcripts were detected at this time; however, CiMDFa accumulated more rapidly
before declining in abundance such that, by the early tail-formation stage, CiMDFb was more prevalent. Microsurgical
isolations of various lineage blastomeres from the eight-cell stage were used to analyze CiMDF expression in the two
embryonic lineages that give rise to larval tail muscle—autonomously specified primary cells and conditionally specified
secondary cells. CiMDFa and CiMDFb transcripts were detected in both lineages, suggesting that neither functioned in a
lineage-specific manner. The data also demonstrated that CiMDF expression was autonomous in the primary lineage (i.e.,
cells derived from the B4.1 blastomeres) and correlated with histospecific differentiation of muscle. In the secondary lineage
(i.e., cells derived from the A4.1 and b4.2 blastomeres), CiMDF expression was conditional and, as in the primary lineage,
correlated with muscle differentiation. These experiments reveal similar patterns of CiMDF activity in the primary and
secondary muscle lineages and imply a requirement for the expression of this gene in both lineages during larval tail muscle
development. © 2001 Elsevier Science
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The tail muscle of the ascidian larva provides a simple
model for studies of chordate muscle development and evolu-
tion (Satoh and Jeffery, 1995; Meedel, 1997); this muscle may
even resemble an early stage in the evolution of vertebrate
axial muscle (Bone, 1989). In ascidians with small, indirectly
developing larvae, the tail muscle consists of only 36–42 large
mononucleate cells that are organized in the typical chordate
pattern of two bilaterally symmetrical bands flanking a cen-
tral notochord and dorsal neural strand (Katz, 1983; Satoh,
1994). Larval tail muscle is striated and is considered to be a
member of the troponin/tropomyosin-regulated class of
muscles that includes the skeletal and cardiac muscles of
1 To whom correspondence should be addressed. Fax: (401) 456-
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238vertebrates (Meedel and Hastings, 1993; Meedel, 1997). Con-
sistent with their proposed relationship to vertebrate axial
muscle, tail muscle cells express a member of the myogenic
bHLH family of genes during development (Araki et al., 1994;
Meedel et al., 1997).
Larval tail muscle originates from two sources, desig-
nated the primary and secondary lineages (Meedel et al.,
1987). In Ciona intestinalis, the primary lineage contains
28 muscle cells distributed throughout the anterior and
middle of the tail, and the secondary lineage consists of 8
cells located near the posterior tip of the tail (Nishida and
Satoh, 1983, 1985; Nishida, 1987). The primary lineage
develops autonomously under the influence of asymmetri-
cally localized maternal cytoplasmic determinants,
whereas the secondary lineage develops conditionally by
mechanisms that depend on cell interactions (Satoh, 1994;
Nishida, 1997; Meedel, 1997; Jeffery, 2001).
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239CiMDF in Ascidian MyogenesisAnalysis of the myogenic bHLH family genes offers a
starting point for dissecting the genetic pathways that
direct muscle development in chordates (Molkentin and
Olson, 1996; Yun and Wold, 1996; Cossu et al., 1996;
Borycki and Emerson, 1997; Rawls and Olson, 1997; Arnold
and Winter, 1998). In vertebrates, this family consists of
four genes with distinct but partially overlapping roles;
together, these genes constitute a genetic pathway that is
indispensable for skeletal muscle development (Weintraub,
1993; Olson and Klein, 1994; Buckingham, 1996). Cephalo-
chordates possess at least two members of this gene family
(Araki et al., 1996), and ascidians have only a single mem-
ber (Araki et al., 1994; Meedel et al., 1997). In C. intestina-
lis, however, this gene, designated CiMDF, generates two
transcripts (CiMDFa and CiMDFb) that encode proteins
differing by the presence of a 68-amino-acid C-terminal
domain in CiMDFb (Meedel et al., 1997). Thus, all chor-
dates generate multiple myogenic bHLH proteins, either
from different genes or by producing different transcripts
from a single gene.
In this study, the pattern of CiMDF expression was
examined in normal embryos and in partial embryos repre-
senting the primary and secondary muscle lineages. CiMDF
was found to have a period of maternal activity, as indicated
by the presence of low levels of CiMDFa transcripts in eggs;
zygotically, the gene became active at the 32- to 64-cell
stage. Analysis of partial embryos using reverse
transcription/polymerase chain reaction (RT/PCR) demon-
strated that CiMDFa and CiMDFb transcripts are present in
both muscle lineages, and that their expression is autono-
mous in the primary lineage, but dependent on cell inter-
actions in the secondary lineage. CiMDF expression was
correlated with muscle differentiation in both lineages,
thereby suggesting an important role(s) for its activity in
ascidian tail muscle development, regardless of which
specification mechanism is used to determine cell fate.
These results are consistent with the possibility that
CiMDF functions as a “nodal point” (Weintraub et al.,
1991) in the development of ascidian larval tail muscle.
MATERIALS AND METHODS
Animal Material and Whole-Mount in Situ
Hybridization
Adult Ciona intestinalis was collected from the Sandwich Ma-
rina (Sandwich, MA) and held under constant illumination in a
recirculating aquarium at 14°C. Eggs were removed surgically from
the oviducts of two or more adults and fertilized with dilute sperm
suspensions from other adults. Embryos were raised at 18°C in
sterile Millipore-filtered (0.2 mm) seawater. Synchrony of the
cultures exceeded 90%. Isolation of blastomere pairs and several
pair combinations from the eight-cell stage and culture of these
partial embryos were done as described before (Meedel et al., 1987).
Whole-mount in situ hybridization with digoxigenin-labeled RNA
probes was done by modifying the protocol of Tautz and Pfeifle
(1989) as described previously (Meedel et al., 1997).
© 2001 Elsevier Science. APreparation of RNA
RNA was prepared from embryos of various developmental
stages by using a water-saturated phenol extraction protocol
(Meedel and Whittaker, 1978). This procedure was also used to
purify RNA from partial embryos, except that, because of the
limited amount of material, 10 mg of tRNA was added as carrier.
Generally, 5–10 partial embryos of a given type were combined for
RNA extraction. Genomic DNA was removed by digesting purified
RNAs with 10 units of RNase-free pancreatic DNase I (Roche) for
20 min at 37°C in a buffer that consisted of 10 mM Tris–HCl, pH
8.3 (25°C), 50 mM KCl, and 0.5 mM MnCl2, and contained 10 units
of RNase Inhibitor (Perkin Elmer). Reaction mixtures containing
stage-specific RNAs had up to 1 mg of RNA; those containing RNA
from partial embryos had RNA from the equivalent of one to five
partial embryos. After digestion, samples were adjusted to 1.5 mM
EGTA and incubated for 10 min at 70°C to inactivate the DNase.
Reverse Transcription/Polymerase Chain Reaction
cDNA was synthesized at 55°C for 25 min in 10 ml of reaction
buffer containing 50 mM Tris–HCl, pH 8.3 (25°C), 75 mM KCl, 3
mM MgCl2, 10 mM dTT, 0.2 mM reverse primer, 10 units of RNase
Inhibitor, and 100 units of Superscript II RNase H2 reverse tran-
scriptase (Life Technologies). Reactions using stage-specific RNAs
contained 5–25 ng RNA; reactions using RNAs from partial em-
bryos contained one-tenth to one-fifth of the appropriate DNase
digest as described in the last section.
PCRs contained the entire cDNA synthesis reaction, and final
concentrations of the following components: 17 mM Tris–HCl, pH
8.3 (25°C), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM of each dNTP, 1
mM reverse primer, 1 mM forward primer, and 2.5 units of Ampli-
Taq DNA polymerase (Perkin Elmer). The reactions were carried
out in a volume of 50 ml by using a DNA Thermal Cycler 480
(Perkin Elmer). The reaction program consisted of an initial dena-
turation step of 94°C for 4 min, followed by 30–40 cycles of 94°C
(30 s), 60°C (1 min), 72°C (2 min), and a final extension step of 12
min at 72°C. Aliquots of PCRs were electrophoresed on 2% agarose
gels containing 0.5 mg/ml of ethidium bromide and photographed
on a UV transilluminator by using Polaroid 665 film. Primer
combinations, with reverse primer shown first, were: CiMDFa,
AGAGTGGGGAAACTCGGAAATG/CCAGAAACCAAACCA-
GAAACGAC; CiMDFb, GGACCAACTGGCATAAATGCTG/
CCAGAAACCAAACCAGAAACGAC; TnI, GCAACATGCCA-
AAGAAAAATAC/GCTTAGCAACGCAACAAAA; EE1, GAT-
GGTTTAGTTAGGCGCATTC/GCTTAGCAACGCAACAAAA;
TE45, TTTTCCAAAGCGACAGCGTC/GGAGAAATCAGCGG-
CAATGG. Except for CiMDFa, these primer pairs spanned an
intron(s) in the corresponding gene. Sizes of PCR products were (in
bp) 280 (CiMDFa), 572 (CiMDFb), 733 (TnI), 204 (EE1), and 335
(TE45). Three criteria were used to verify the authenticity of RT/
PCR products: (1) their occurrence depended on addition of reverse
transcriptase to the cDNA synthesis reaction, (2) they were of the
predicted sizes, and (3) they yielded fragments of the expected sizes
when digested with selected restriction enzymes.
Northern Blot Analysis
RNA was denatured in 50% formamide, electrophoresed on
1.2% agarose gels containing 0.6 M formaldehyde, and blotted onto
Gene Screen Plus filters as recommended by the manufacturer
(DuPont). Filters were pretreated at 55°C in 0.75 M NaCl, 0.15 M
Tris–HCl, pH 8.0, 10 mM EDTA, 50 mM sodium phosphate, pH
ll rights reserved.
240 Meedel, Lee, and Whittaker6.8, and 0.05% each of Ficoll, polyvinylpyrrolidone, and bovine
serum albumin. Pretreatment solution was removed after 2 h and
filters were hybridized for 18 h at 55°C with an antisense RNA
probe (Melton et al., 1984) that corresponded to the nearly full-
length CiMDFa transcript (Meedel et al., 1997). Hybridization
buffer consisted of 50% formamide, 50 mM sodium phosphate, pH
6.8, 53 SSC (13 SSC is 0.15 M NaCl, 0.015 M sodium citrate, pH
7.0), 0.1% SDS, 1 mM EDTA, 100 mg/ml tRNA, and 0.05% each of
Ficoll, polyvinylpyrrolidone, and bovine serum albumin. Blots
were washed at 68°C for 30 min in 43 SSC, 2% SDS, 30 min in 13
SSC, 1% SDS, and twice for 20 min each in 0.13 SSC, 0.2% SDS.
After rinsing several times in 23 SSC, the blots were treated with
5 mg/ml RNase A in 23 SSC for 30 min at room temperature, and
hybridization was visualized by using Kodak XAR-5 X-ray film
(Eastman Kodak).
RESULTS
CiMDF Expression during Embryogenesis
CiMDF produces two mRNAs, CiMDFa and CiMDFb, in
the muscle cells of the Ciona intestinalis larva (Meedel et
al., 1997). RT/PCR was used to examine the temporal
pattern of expression of these two transcripts during devel-
opment. These studies show that CiMDFa-specific tran-
scripts were evident in embryos at all developmental stages
examined, including unfertilized eggs and 3-h embryos (Fig.
1A). In contrast, CiMDFb transcripts were not observed in
eggs and were detectable only in embryos that were at least
4 h old (Fig. 1A). Even when samples of PCRs were ampli-
fied for an additional 30 cycles, CiMDFb transcripts were
undetectable in eggs and 3-h embryos (Fig. 1B). This result
suggests that, if CiMDFb transcripts existed in embryos
younger than 4 h of development, they were present at
significantly lower levels than were CiMDFa transcripts.
Northern blotting provided a measure of the initial abun-
dance of CiMDF transcripts during embryogenesis (Fig. 2).
Using this methodology, CiMDFa transcripts were first
detected at 5 h of development and increased thereafter,
whereas CiMDFb transcripts were not detected at either 4
or 5 h of development and were barely detectable by 6 h.
However, between 6 and 7 h of development, CiMDFb
transcript prevalence increased markedly. These results,
together with a previous Northern blot analysis (Meedel et
al., 1997), indicated that CiMDFa transcripts initially accu-
mulated at a faster rate and to greater abundance than did
CiMDFb transcripts. From the neurula/early tail-formation
stages onward (8–9 h postfertilization), CiMDFb transcripts
predominate (Meedel et al., 1997).
Lineage-Specific Gene Expression in Developing
Muscle
Muscle of ascidian embryos develops from two sources
that are designated the primary and secondary lineages
(Meedel et al., 1987). The primary lineage derives from the
B4.1 blastomere pair and the secondary lineage from the
A4.1 and b4.2 blastomere pairs of the eight-cell embryo
© 2001 Elsevier Science. A(Nishida and Satoh, 1983). RT/PCR using CiMDFa- and
CiMDFb-specific primers was done by using RNA from
partial embryos containing either the primary or the sec-
ondary lineages to define possible roles for CiMDF in each
muscle lineage. In addition to CiMDFa and CiMDFb, we
also examined the expression of the histospecific muscle
gene troponin I (TnI; MacLean et al., 1997), EE1, a mater-
nally expressed gene whose transcripts occur in all cell
FIG. 1. RT/PCR of CiMDFa and CiMDFb during embryogenesis.
(A) Staged embryo RNAs were reverse transcribed by using
CiMDFa- and CiMDFb-specific primers and were used in PCR.
PCR products were size fractionated on agarose gels containing
ethidium bromide and photographed under ultraviolet light. (B)
Same as in (A), except that 2-ml aliquots were removed from the
initial PCRs of 40 cycles and amplified for an additional 30 cycles.types (J.J.L. and T.H.M., unpublished observations), and
ll rights reserved.
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epidermis (T.H.M., Bradshaw, and J.J.L., unpublished obser-
vations). Blastomeres representing the primary (B4.1-
quarter embryos) and secondary lineages (three-quarter em-
bryos) were isolated from eight-cell embryos and cultured
until the appropriate stage of development (Fig. 3). RNA
was then purified and subjected to RT/PCR.
Muscle development was apparent in both lineages when
partial embryos were examined 6 h after fertilization (Fig.
4). TnI and CiMDFa RT/PCR products were recovered in
each of four separate experiments whenever normal, B4.1-
quarter, or three-quarter embryos were assayed. In these
same four experiments, CiMDFb products were also always
recovered when control and B4.1-quarter embryos were
examined, but they were obtained in only two of the four
experiments when three-quarter embryos were assayed.
RNA isolated from three-quarter embryos in all four experi-
ments was suitable for RT/PCR with EE1-specific primers,
suggesting that this variability was not due to issues asso-
ciated with RNA recovery. It is, however, consistent with a
very low prevalence of CiMDFb transcripts in three-quarter
embryos at 6 h of development. Whether this reflects a
similarly low abundance of CiMDFb transcripts in the
secondary lineage of normal (i.e., intact) embryos at this
stage of development or is a result of isolation from the B4.1
lineage is an issue whose resolution will require quantita-
tive methods capable of assessing CiMDF transcripts levels
in the muscle lineages of intact and partial embryos. Ex-
periments with embryos at 12 h postfertilization yielded
RT/PCR products corresponding to all three muscle-
specific transcripts from three-quarter, B4.1-quarter, and
control embryos (Fig. 5).
FIG. 2. Northern blot of staged embryo RNAs between 4 and 7 h
of development. RNAs were hybridized with a 32P-labeled anti-
sense RNA probe that corresponded to the nearly full-length
CiMDFa transcript. Each lane contains 10 mg of total RNA; equal
amounts of RNA were loaded in each lane as determined by
ethidium bromide staining of ribosomal RNA bands (data not
shown). Numbers on the left represent RNA sizes in kilobases.Whole-mount in situ hybridization was also used to
© 2001 Elsevier Science. Astudy TnI expression in embryos at 12 h of development. As
expected for this muscle-specific gene, control embryos
accumulated TnI transcripts only in the tail muscle cells,
and transcript levels appeared to be the same in cells of the
two muscle lineages (Fig. 6C). Consistent with the RT/PCR
experiments, three-quarter embryos and B4.1-quarter em-
bryos also accumulated TnI transcripts at this stage (Figs.
6A and 6B). In three-quarter embryos, these transcripts were
localized to a patch of cells near the end of the tail,
corresponding to the secondary muscle lineage of normal
embryos. Although no attempt was made to be quantita-
tive, the level of signal observed in three-quarter embryos
appeared to be less than that seen in the secondary lineage
of control embryos. The overall appearance of three-quarter
embryos in which distinct head and tail regions were seen
indicated that these isolates developed normally, as did
analysis of TE45 expression, which provided clear evidence
of epidermal differentiation (Fig. 6D).
CiMDF Expression Correlates with Muscle
Differentiation
A partial embryo approach was also used to examine
the requirements for CiMDF expression during differen-
tiation of the primary and secondary muscle lineages.
Investigation of the primary lineage was done by using
B4.1-quarter embryos. In eight independent trials, these
partial embryos always expressed both CiMDF and TnI
(e.g., Figs. 4 and 5). Thus, CiMDF was expressed autono-
mously in the primary lineage where its activity corre-
lated with muscle differentiation. Investigation of the
secondary lineage was done by subdividing three-quarter
embryos at the eight-cell stage (Fig. 3). The resulting
A4.1-quarter embryos and animal-half embryos (consist-
ing of the a4.2 and b4.2 blastomere pairs), which both
contain cells that contribute to the secondary muscle
lineage, were analyzed by RT/PCR for CiMDF and TnI
expresssion (Figs. 4 and 5). Neither CiMDF transcript was
detected in RNA purified from animal-half embryos at 6
or 12 h of development. Moreover, except for detection of
CiMDFa transcripts at 6 h of development, similar re-
sults were obtained for A4.1-quarter embryos. All experi-
ments with TnI indicated that this gene was not tran-
scribed in A4.1-quarter or animal-half embryos at 6 or
12 h of development. Controls using EE1 and TE45
demonstrated that failure to obtain muscle-specific RT/
PCR products from A4.1-quarter embryos and animal-
half embryos could not be attributed to problems associ-
ated with the RNA isolated from these samples (Figs. 4
and 5). These results, together with the analysis of
three-quarter embryos, which expressed CiMDF and TnI,
indicate that CiMDF expression in the secondary lineage
requires cell– cell interactions, and that its activity in
this lineage is strongly correlated with muscle differen-
tiation.
ll rights reserved.
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Temporal Expression of CiMDF
Our results, together with previous work (Meedel et al.,
1997), document a pattern of zygotic CiMDF gene activity
that begins during cleavage (32–64 cells) and leads to the
differential accumulation of two transcripts, CiMDFa and
CiMDFb, during embryogenesis. This expression pattern
raises the possibility that the unique proteins encoded by
CiMDFa and CiMDFb have different roles in myogenesis;
conceivably, these functions may correspond to the distinct
roles proposed for vertebrate myogenic bHLH genes (Olson
and Klein, 1994). This interpretation is complicated by the
FIG. 3. Design of partial-embryo experiments. (A) Diagram of the
stage. The sources of the primary and secondary muscle lineages are
vegetal (Vg). (B) Diagram relating the preparation and manipulation
from eight-cell embryos at 2 h postfertilization and reared as pa
development indicates the onset of definitive muscle differentiatio
muscle transcripts encoding acetylcholinesterase (Meedel and W
observations) first increase.fact that CiMDFa is a truncated version of CiMDFb (Meedel
© 2001 Elsevier Science. Aet al., 1997) lacking the transcriptional activation domain
known as “Domain III” (Rhodes and Konieczny, 1989;
Fujisawa-Sehara et al., 1990). Thus, CiMDFa may not
function as a typical myogenic bHLH factor. Nevertheless,
it may have myogenic activity because three-quarter em-
bryos at 6 h of development expressed TnI when CiMDFa
but not CiMDFb was detected (CiMDFb was detected in
two of four experiments using 6-h-old three-quarter em-
bryos).
CiMDF transcripts also differentially accumulate in the
pool of maternal RNA stored in the egg such that low levels
of CiMDFa transcripts are present and CiMDFb transcripts
are absent. The significance of this maternal store of
cal operations involved in isolating blastomeres from the eight-cell
cated by 1° and 2°, respectively. Abbreviations are animal (An), and
rtial embryos to stages of development. Blastomeres were isolated
embryos until 6 or 12 h postfertilization. The arrow at 5 h of
d corresponds to the time at which the abundance of histospecific
aker, 1984) and troponin I (T.H.M. and Hastings, unpublishedsurgi
indi
of pa
rtials
n an
hittCiMDFa transcripts remains obscure, but several explana-
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produce biologically significant amounts of protein; (2) The
CiMDFa egg transcripts are the remnants of what was a
much more abundant population that produced significant
amounts of protein during oogenesis; (3) The maternal
CiMDFa transcripts represent “leaky” gene activity during
oogenesis that has no biological importance. Interestingly,
in vertebrates, low level myogenic bHLH gene expression
well in advance of myogenesis, and in regions of embryos
not fated to become muscle, has been widely observed
(George-Weinstein et al., 1996; Gerhart et al., 2000; Kiefer
and Hauschka, 2001; Harvey, 1990; Scales et al., 1991).
Moreover, many of these nonmyogenic tissues expressing
MyoD-related genes will undergo muscle development un-
der certain conditions (George-Weinstein et al., 1996;
Gerhart et al., 2000; Kiefer and Hauschka, 2001). These
observations have led to the suggestion that myogenic
bHLH gene expression may confer myogenic competence
but does not commit cells to the myogenic lineage (Kiefer
and Hauschka, 2001). The maternal CiMDFa transcripts
may function in a related manner in Ciona embryos.
The pattern of CiMDF expression was similar to that
reported for AMD-1, the myogenic bHLH gene of Halocyn-
thia roretzi, including the existence of low prevalence
MyoD-related transcripts in eggs (Araki et al., 1994; Satoh
et al., 1996). Considering the expression pattern of myo-
genic bHLH genes in ascidians, their close evolutionary
relationship with vertebrates in which the role of these
genes in muscle development has been established, and the
strong correlation between CiMDF activity and muscle
FIG. 4. RT/PCR of partial embryos at 6 h of development. RNA
from embryos was reverse transcribed by using transcript-specific
primers and was used in PCR. PCR products were size fractionated
on agarose gels containing ethidium bromide and photographed
under ultraviolet light. The source of the RNA sample analyzed is
shown at the top of each column, and the gene corresponding to the
primer pair used is shown at the right of each row. The control
column (far right) represents intact (i.e., unoperated) embryos.development noted in this study, it is highly likely that
© 2001 Elsevier Science. Amyogenic bHLH genes have a significant role(s) in ascidian
muscle development. Precisely what that role(s) is remains
to be determined, but, it is unlikely that either CiMDFa or
CiMDFb has muscle lineage-specific functions, since tran-
scripts encoding these two proteins were detected in both
the primary and the secondary lineages.
CiMDF Expression and Muscle Development in
Partial Embryos
Previous studies have shown that partial embryos con-
taining the primary lineage (B4.1-quarter embryos) always
undergo muscle differentiation, but that only certain types
of partial embryos containing the secondary lineage (e.g.,
three-quarter embryos but not A4.1-quarter-embryos or
animal-half embryos) do so (for example, see Meedel et al.,
1987). Consistent with these earlier studies, expression of
the muscle-specific gene TnI was limited to B4.1-quarter
embryos and three-quarter embryos. Furthermore, except
for a faint signal corresponding to CiMDFa in 6-h-old
A4.1-quarter embryos, CiMDF expression was also re-
stricted to B4.1-quarter embryos and three-quarter embryos.
Because CiMDFa transcripts were only detected in 6-h A4.1-
quarter embryos in PCRs of at least 40 cycles, CiMDF tran-
scripts appeared to be effectively absent from these partial
embryos. This linkage of CiMDF expression and muscle
differentiation implies a causative relationship that is neces-
sary for the formation of the embryonic musculature.
FIG. 5. RT/PCR of partial embryos at 12 h of development. RNA
from embryos was reverse transcribed by using transcript-specific
primers and was used in PCR. PCR products were size fractionated
on agarose gels containing ethidium bromide and photographed
under ultraviolet light. The source of the RNA sample analyzed is
shown at the top of each column, and the gene corresponding to the
primer pair used is shown at the right of each row. The control
column (far right) represents intact (i.e., unoperated) embryos.
ll rights reserved.
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for myogenic bHLH proteins during muscle development
(Olson and Klein, 1998). Invertebrate muscle development
often proceeds in the absence of myogenic bHLH gene
activity (Chen et al., 1992, 1994; Keller et al., 1998; Balago-
palan et al., 2001), whereas vertebrate myogenesis has a
strict requirement for such activity. The correlation be-
tween CiMDF expression and muscle differentiation noted
here indicates that ascidians resemble vertebrates in their
dependence on myogenic bHLH proteins for myogenesis.
This suggests that pathways of muscle development requir-
ing myogenic bHLH genes had already evolved in the last
common ancestor of ascidians and vertebrates. Moreover,
unlike other invertebrate species that express only a single
myogenic bHLH protein, ascidian muscle differentiation
appears to follow a more vertebrate-like regulatory strategy
by encoding two proteins from their single MyoD-related
FIG. 6. Whole-mount in situ hybridization of 12-h embryos or
partial embryos using digoxigenin-labeled antisense RNA probes.
(A) B4.1-quarter embryos. (B) Three-quarter embryos. (C) Unoper-
ated embryos. (D) Three-quarter embryos. Embryos in (A–C) were
reacted with a TnI probe; embryos in (D) were reacted with a TE45
probe. In all examples shown, the color development reactions
were stopped after 15 min. The scale bar represents 100 mm.gene. Although distinctive functions for the two CiMDF
© 2001 Elsevier Science. Aproteins have not been identified, we suggest the presence
of these two proteins and their differential regulation dur-
ing embryogenesis are not serendipitous events and instead
have a functional significance.
We also observed what appeared to be a consistent
decrease (four separate experiments) in the yield of TnI-
specific RT/PCR product obtained from three-quarter em-
bryos between 6 and 12 h of development relative to either
control or B4.1-quarter embryos (compare Figs. 4 and 5).
These results indicate that the prevalence of TnI transcripts
decreased during this time in partial embryos representing
the isolated secondary lineage and suggest that muscle
differentiation is not maintained when the secondary lin-
eage is isolated from the B4.1 lineage. This conclusion
implies a previously unrecognized role for descendents of
B4.1 cells as a source of a muscle maintenance signal. In
addition to muscle (and mesenchyme of the head), B4.1
blastomeres produce the secondary notochord and
endoderm lineages whose descendents reside in the poste-
rior of the tail of tadpole-stage embryos (Nishida and Satoh,
1983). These notochord and endoderm cells, therefore, are
in position to send maintenance signals to the developing
secondary muscle lineage. Moreover, both cell types are
believed to have signaling properties in ascidian embryos
(Reverberi et al., 1960). Thus, the secondary notochord (and
perhaps endoderm) may regulate development of the sec-
ondary muscle lineage by producing signals that control
myogenic bHLH gene activity in ascidians much like the
notochord produces signals that regulate muscle develop-
ment in vertebrates (e.g., Pownall et al., 1996). Interest-
ingly, most cells of the notochord and endoderm (the
primary lineages) arise not from the B4.1 blastomeres of the
eight-cell embryo, but from the A4.1 blastomeres. Conceiv-
ably, these cells could also have myogenic signaling prop-
erties. This would explain why three-quarter embryos ini-
tiate myogenesis, whereas animal-half embryos that lack
the A4.1 lineage but contain secondary muscle lineage
progenitors (the b4.2 cells) do not. The existence of myo-
genic signaling activity in descendents of the A4.1 blas-
tomeres also predicts that A4.1-quarter embryos should
undergo some degree of muscle development. Consistent
with this prediction, a low level of CiMDFa transcripts
accumulated in A4.1-quarter embryos at 6 h of develop-
ment, and in previous study of Ascidia ceratodes such
isolates were shown to differentiate acetylcholinesterase
but not morphologically recognizable muscle (Meedel et al.,
1987). Absence of the postulated maintenance signal from
descendents of the B4.1 lineage would explain the failure of
A4.1-quarter embryos to fully develop muscle.
Maternal Determinants, CiMDF, and Chordate
Muscle Development
Compelling evidence supports the idea that muscle de-
velopment in the primary lineage is directed by maternal
determinants (Nishida, 1992, 1997; Satoh, 1994; Meedel
1997; Jeffery, 2001). The lack of significant amounts of
ll rights reserved.
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related factor is unlikely to encode such a determinant,
although the possibility of maternally derived protein has
not been excluded. Nevertheless, CiMDF is almost cer-
tainly an important regulator of muscle development, and
thus, it is probable that its activity is controlled by mater-
nal determinants. Since zygotic activation of CiMDF occurs
during cleavage, potential maternal determinants either
exert regulatory effects directly on the gene or via a path-
way(s) that has very few intervening steps. Recently, two
genes have been identified that possibly code for maternal
muscle determinants: macho-1, which encodes a zinc finger
protein (Nishida and Sawada, 2001), and CiVegTR, which
encodes a T-box containing protein (Erives and Levine,
2000). Assuming these genes encode maternal muscle de-
terminants, they will likely be capable of regulating the
activity of CiMDF.
CiMDF is expressed in the secondary muscle lineage as
well as in the primary lineage. This pattern of activity
indicates that the gene is a nodal point (Weintraub et al.,
1991) for muscle development in Ciona embryos, integrat-
ing regulatory information provided by two different types
of cell-specification mechanisms (i.e., autonomous in the
primary lineage and conditional in the secondary lineage).
Considering that at least some elements of regulatory
hierarchy upstream of CiMDF are likely to be used in both
lineages and given the possibility that maternal determi-
nants control CiMDF expression directly, then such deter-
minants are themselves candidates to regulate muscle de-
velopment in the secondary lineage. In this lineage,
however, these factors would not be localized in maternal
stores as they are in the primary lineage, but instead would
accumulate as the genes that encode them are activated in
response to intercellular signaling events. Notably, neither
macho-1 nor CiVegTR appear to have a period of zygotic
activity (Nishida and Sawada, 2001; Erives and Levine,
2000). Thus, if some genes that regulate CiMDF in the
secondary lineage correspond to maternal determinants of
the primary lineage, they are likely to be different from the
putative muscle determinants already discovered.
Skeletal muscle development in vertebrate embryos
makes extensive use of cell–cell signaling pathways that
ultimately result in activation of the myogenic bHLH
genes. Although these pathways are becoming increasingly
well-defined as their genetic components are determined
(Molkentin and Olson, 1996; Yun and Wold, 1996; Cossu et
al., 1996; Borycki and Emerson, 1997; Rawls and Olson,
1997; Arnold and Winter, 1998), several questions remain
unresolved, including the identity of the genes that directly
regulate myogenic bHLH expression. As a chordate that
produces a remarkably small larva (Ciona has only 36
muscle cells), and one in which prospective muscle deter-
minants lie a short distance upstream from a regulatory
gene(s) that directs histospecific muscle gene expression,
ascidians provide an attractively simple model with which
to examine the molecular genetic basis of chordate muscle
development. This may prove particularly true of analyses
© 2001 Elsevier Science. Aof the secondary lineage where, like other chordate em-
bryos, intercellular signaling mechanisms direct myogen-
esis.
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